Sprouts of several plants (10 families and 28 species) were cultivated in a high selenium environment, and the chemical species of selenium in these selenium-enriched sprouts were identified by using high-performance liquid chromatography-inductively coupled plasma mass spectrometry (HPLC-ICPMS). Cultivation of sprouts of kaiware daikon (type of radish) with 5.0 g/ml or 10.0 g/ml of selenium as selenite inhibited the growth. However, no abnormalities in the shape or color were apparent even in the sprouts exposed to 10.0 g/ml of selenium. The selenium concentration in the sprouts of most plants examined was higher than that from environmental exposure. Among the types of selenium that were accumulated, a large part (69-98%) was extractable in 0.2 M HCl. Chemical analysis of selenium in the HCl extract showed that the main selenium species in all the sprouts examined was Semethylselenocysteine. In addition to Se-methylselenocysteine, selenomethionine, non-metabolized selenite, -glutamyl-Se-methylselenocysteine and an unknown selenium compound were also detected in several highselenium sprouts. Since higher anticarcinogenic activities of these monomethylated selenoamino acids have been observed, it is anticipated that such seleniumenriched sprouts will be used as a foodstuff for cancer prevention.
Selenium is an essential trace element in human nutrition and plays several important roles in the form of selenoenzymes. In addition to its role as an essential trace nutrient, selenium is thought to be associated with cancer prevention from the results of epidemiological studies. 1, 2) In particular, a recent finding that the overall cancer morbidity and mortality of free-living people were nearly 50% lower by daily supplementation with selenium at a level of 200 g in the form of a highselenium yeast is of great interest.
3)
The anticarcinogenic effect of selenium has also been confirmed in numerous studies, 4) and a monomethylated selenium metabolite is critical in selenium chemoprevention.
5) The metabolic conversion rates of monomethylated selenoamino acids such as selenomethionine, Se-methylselenocysteine and -glutamyl-Se-methylselenocysteine to the monomethylated selenium metabolite are probably higher than those of selenite, selenate or selenocysteine. These monomethylated selenoamino acids have been identified in several selenium-enriched vegetables. [6] [7] [8] The anticancer activities of these highselenium vegetables have also been evaluated [9] [10] [11] and found to be higher than that of selenite. 12, 13) Thus, the application of high-selenium vegetables to cancer prevention can be expected.
The production of high-selenium vegetables requires particular soil with a high selenium concentration. Highselenium soil must be prepared by fertilizing with selenite or selenate. This selenium fertilization of soil may cause environmental pollution by selenium. Therefore, a closed system is necessary to produce highselenium vegetables. In Japan, the sprouts of several plant species are utilized in foodstuffs. These sprouts are cultivated in a closed system, which is considered a relatively easy method to produce selenium-enriched sprouts. In the present study, we attempted to produce high-selenium sprouts of several plant species and to identify the chemical species of selenium in these sprouts by using the combined analytical technique of high-performance liquid chromatography-inductively coupled argon plasma mass spectrometry (HPLC-ICPMS).
Materials and Methods
Samples and reagents. Seeds of several plant species (10 families and 28 species) were purchased from local retail shops. A list of the plant species examined is shown in Table 1 .
Nitric acid (metal-free grade), methanol (HPLC grade), malonic acid, sodium 1-butanesulfonate, sodium selenate, sodium selenite, DL-selenomethionine andglutamyltransferase (from beef kidney) were purchased from Wako Pure Chemical Industries (Osaka, Japan). Tetramethylammonium hydroxide was purchased from ICN Pharmaceuticals (Costa Mesa, CA, USA). DLSelenocystine and DL-Se-methylselenocysteine were purchased from Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA). Stock solutions of selenoamino acids were prepared in 0.2 M HCl and stored in the dark at 0-4 C.
Cultivation of sprouts. Absorbent cotton (ca. 20 g) was spread over the base of a synthetic resin container (25 cm Â 35 cm Â 14 cm). About 500 ml of water containing 10 g/ml of selenium as sodium selenite was added to the container and allowed to soak into the absorbent cotton. Seeds of a plant species were sown on the wet absorbent cotton, and the container was sealed with a polyvinylindene chloride film (Saran Wrap 1 , Asahi Kasei Co., Tokyo, Japan) to prevent evaporation of the water. The container was left in a dark room at a 25 C until the seeds began to germinate. After almost all the seeds had germinated, the container was transferred to a light room and incubated at 25 C. In general, the total cultivation period was 5 to 8 days, except for those sprouts with slow growth.
In the case of kaiware daikon (a type of Japanese radish), sprouts were also cultivated on absorbent cotton holding water containing 1.0 or 5.0 g/ml of selenium as sodium selenite or water containing 10.0 g/ml of selenium as sodium selenate.
Determination of selenium in the sprouts. Approximately 0.5 g of each sprout was digested with 5 ml of nitric acid, and the digestion mixture was then diluted with water. After passing through a 0.20-m membrane filter, the total selenium in the filtrate was determined by ICPMS with direct nebulization. The ICPMS operating conditions were as follows: 14) instrument, ICPMS-8500 (Shimadzu, Kyoto, Japan); forward power, 1,200 W; coolant gas flow rate, 7.0 l/min; auxiliary gas flow rate, 1.5 l/min; nebulizer gas flow rate, 0.6 l/min; sampling depth, 5.0 mm; integration time, 50 ms; mode of analysis, pulse; isotopes monitored, 77 Se, 78 Se and 82 Se. The selenium determination was verified by using standard reference materials (SRM 1567a wheat flour and SRM Separation and detection of selenium species in sprouts by HPLC-ICPMS. Another 1 g of each sprout was homogenized with 2 ml of 0.2 M HCl. After centrifuging at 750 Â g for 15 min, the soluble fraction obtained was used as a 0.2 M HCl extract of the sprouts and subjected to an identification of the chemical species of selenium.
The selenium species in the 0.2 M HCl extract were identified by an HPLC-ICPMS system. 14) This analytical system enabled almost 100% recovery of injected selenium compounds. The HPLC system consisted of a CCPM-II multi-pump (Tosoh, Tokyo, Japan), an SD-8022 on-line degasser (Tosoh) and a Develosil RPAqueous column, 4.6 mm i.d. Â 250 mm (Nomura Chemical, Seto, Japan). The mobile phase was methanol/water (v/v = 0.05/99.95) containing 2.5 mM sodium 1-butanesulfonate, 4 mM malonic acid and 15.9 mM tetramethylammonium hydroxide. The pH value of the mobile phase was adjusted to 2.3 by the dropwise addition of diluted nitric acid. Elution was performed isocratically at 1.0 ml/min at room temperature, and a sample aliquot of 20 l was injected into the LC system by using a 20-ml sample loop. The eluate was directly led to the ICPMS nebulizing tube and monitored at ion intensities of m/z 77, 78 and 82.
In the case using only ICPMS in the analysis, the sample solution was led to the ICPMS nebulizing tube at 1.2 ml/min by a pump attached to the instrument. In the case of HPLC-ICPMS, the flow rate leading to ICPMS was dependent on the elution rate of HPLC because the pump was stopped. There was no problem in connecting the HPLC and ICPMS instruments because the HPLC elution rate (1.0 ml/min) was close to the flow rate leading to the ICPMS nebulizing tube (1.2 ml/min).
Results
Growth of sprouts in a high selenium environment Figure 1 shows the increase in weight and length of kaiware daikon sprouts grown in an environment with exposure to graded levels of selenite. Exposure to selenite at a level of 1.0 g/ml of selenium did not have any effect on the growth of the sprouts. However, exposure to 5.0 or 10.0 g/ml of selenium significantly (p < 0:01) inhibited the growth. This inhibitory effect of selenium was also observed in the sprouts exposed to selenate (data not shown). Despite the lower growth, no abnormalities in the shape or color were apparent even in the sprouts exposed to 10.0 g/ml of selenium. Thus, in the present study, sprouts of the other plant species listed in Table 1 were cultivated in an environment with exposure to 10.0 g/ml of selenium as sodium selenite. Table 2 summarizes the selenium content in sprouts grown in an environment with 10.0 g/ml of selenium. Three selenium isotopes, 77 Se, 78 Se and 82 Se, were monitored in the present analysis. Since the ion intensity at m/z 78 provides better sensitivity and signal-to-noise ratio than other selenium isotopes, this was used for the identification and quantification. Apart from the sprouts of soybean and kidney bean, the sprouts examined accumulated selenium at a higher concentration than that of the environment in which they were grown. The selenium concentration of several sprouts was higher than 20 g/g, and particularly, that of nozawana (a type of turnip), kintoki (Japanese carrot) and parsley sprouts was higher than 40 g/g. Among the selenium accumulated in the sprouts, the greater part (69-98%) was extractable in 0.2 M HCl.
Selenium accumulation in sprouts
When the sprouts of kaiware daikon were cultivated in an environment with 1.0 or 5.0 g/ml of selenium as selenite, a similar selenium accumulation was observed. The selenium concentration of kaiware daikon sprouts grown in 1.0 or 5.0 g/ml of selenium for 8 days was more than 2 times higher than that of the environmental selenium, and more than 95% of the selenium was extractable in 0.2 M HCl. Figure 2 shows typical chromatograms from HPLC-ICPMS of 0.2 M HCl extracts of kaiware daikon sprouts grown on water containing 10 g/ml of selenium as selenite or selenate. Irrespective of the selenium species used in the cultivation, two kinds of free selenoamino acids were identified in the extracts by comparing with chromatograms of standard selenium compounds, namely Se-methylselenocysteine as the main chemical species and selenomethionine as the minor one. When the kaiware daikon sprouts were cultivated with selenite, no non-metabolized selenite could be not detected in the 0.2 M HCl extract. However, in the sprouts cultivated with selenate, a considerable amount of non-metabolized selenate was present. Figure 3 shows typical chromatograms from HPLC-ICPMS obtained from the sprouts of several plant species cultivated with selenite. In Fig. 3 -a, the analytical results for garland chrysanthemum are shown. Se-methylselenocysteine was the single major selenium species in almost all cases. Similar chromatograms were obtained for sprouts of spinach, eggplant, edible burdock, Cruciferae family plants, onions, welsh onions, buckwheat, tossa jute and Umbelliferae family plants. In several of these plant species, selenomethionine, an unknown selenium compound (unknown Se-1) and nonmetabolized selenite were also detected, but only in small amounts.
Species of selenium in the sprouts
An analysis of the extract from sprouts of Chinese chives (Fig. 3-b) produced two peaks derived from Semethylselenocysteine and another unknown selenium compound in the HPLC-ICPMS chromatogram. When the sprouts were treated with -glutamyltransferase, the smaller peak at a retention time of 37 min disappeared and the peak area of Se-methylselenocysteine increased. Accordingly, this smaller peak was identified as a peak derived from -glutamyl-Se-methylselenocysteine. 1Þ Sprouts were grown on absorbent cotton holding water containing 10.0 g/ml of selenium as sodium selenite unless otherwise noted. 2Þ Except for kaiware daikon (each value is the meanAESD of eight trials), each value represents the mean of two trials. 3Þ Grown on absorbent cotton holding water containing 5.0 g/ml of selenium as sodium selenite. 4Þ Grown on absorbent cotton holding water containing 1.0 g/ml of selenium as sodium selenite.
In the case of barley sprouts (Fig. 3-c) , three selenium compounds, i.e., Se-methylselenocysteine, unknown Se-1 and selenomethionine, were detected as the major selenium species. On the other hand, sprouts of soybean produced Se-methylselenocysteine and unknown Se-1 as the major selenium species (Fig. 3-d) . Table 3 summarizes the ratio of selenium species contained in 0.2 M HCl extracts of the high-selenium sprouts. All the high-selenium sprouts examined contained Se-methylselenocysteine as the major selenium species. The ratio of Se-methylselenocysteine to total acid-soluble selenium was more than 85% in all plant species except for those in the Gramineae and Leguminosae families. Similar results were obtained in the case of kaiware daikon sprouts grown in an environment with 1.0 or 5.0 g/ml of selenium. Selenomethionine, nonmetabolized selenite and unknown Se-1 were detected in several high-selenium sprouts. In particular, sprouts of buckwheat and sprouts of Gramineae and Leguminosae families contained a considerable amount of unknown Se-1. In sprouts of the Gramineae family, selenomethionine was also the major selenium species. -Glutamyl-Se-methylselenocysteine was only detected in sprouts of Chinese chives; sprouts of two other Allium species (onions and welsh onion) did not produce this selenoamino acid. Each sprout was grown on absorbent cotton holding 10.0 g/ml of selenium as sodium selenite for 8 days (garland chrysanthemum, Chinese chives and barley) or 5 days (soybean). Each peak was identified as follows: (2) selenite; (3) unknown Se-1; (4) Se-methylselenocysteine; (5) selenomethionine; (6) -glutamyl-Se-methylselenocysteine.
Discussion
Excepting the sprouts of a few plant species, most of those examined accumulated selenium at levels 1.5 to 4.7 times higher than that of the environment in which they were grown. In the examination using kaiware daikon sprouts, the selenium concentration in the sprouts increased with increasing environmental selenium level. These results indicate that selenium-enriched sprouts can be easily produced and that their selenium concentrations can be controlled at a maximum level of about 20 g/g.
Of the selenium that accumulated in the sprouts examined, the greater part (69 to 98%) was extractable in 0.2 M HCl. This implies that the majority of selenium in sprouts existed as low-molecular-weight compounds. Chemical analysis of selenium in the HCl extract showed that the main selenium species in all the sprouts examined was Se-methylselenocysteine, irrespective of the level and chemical species of the environmental selenium. Similar results have been obtained for selenium-enriched garlic, 7, 9, 15) broccoli, 7,13) onions 7, 15) and wild leeks. 10) Accordingly, Se-methylselenocysteine is thought to be a common metabolite from selenate or selenite in selenium-enriched vegetables. Selenate or selenite is probably reduced to selenide, selenide is converted to selenocysteine by cysteine synthase, and then selenocysteine is methylated. In this probable pathway, the existence of selenocysteine methyltransferase specifically catalyzing the methylation of selenocysteine has been reported in selenium-accumulating plants which are highly tolerable to selenium toxicity and accumulate more than 100 g/g of selenium. 16) However, because the plant species used in the present study were not selenium-accumulating plants, it is unlikely that enzymes specific to selenium compounds would be included in the pathway from selenate to Semethylselenocysteine. When kaiware daikon sprouts were cultivated in a selenate solution, a considerable amount of non-metabolized selenate was detected. This indicates that the reduction of selenate to selenite is a limiting step in the pathway. Thus, selenite is more 
1Þ
Each value represents the mean value of two trials. 2Þ Abbreviations: unknown Se-1, an unknown selenium compound; MeSeCys, Se-methylselenocysteine; SeMet, selenomethionine; -GluMeSeCys, -glutamyl-Se-methylselenocysteine. 3Þ Not detected. 4Þ Grown on absorbent cotton holding water containing 5.0 g/ml of selenium as sodium selenite. 5Þ Grown on absorbent cotton holding water containing 1.0 g/ml of selenium as sodium selenite. suitable than selenate for producing Se-methylselenocysteine when using sprouts.
Selenomethionine was also detected as the major selenium species in sprouts of the Gramineae family. Selenomethionine is probably synthesized from selenocysteine via a trans-sulfuration pathway. An unknown selenium compound (unknown Se-1) detected in the sprouts of several plants may be an intermediate in the pathway from selenocysteine to selenomethionine.
Sprouts of Chinese chives produced -glutamyl-Semethylselenocysteine in addition to Se-methylselenocysteine. This -glutamylselenoamino acid has also been detected in onion bulbs 7, 15) and garlic bulbs. 7, 9, 15) However, in the present study, onion sprouts did not produce this selenoamino acid. This inconsistency may have been caused by a difference between the sprouts and onion bulbs in their -glutamyltransferase activity.
The anticarcinogenic activities of high-selenium vegetables containing Se-methylselenocysteine as the main selenium species have been observed and found to be higher than that of selenite. 12, 13) Thus, the anticancer activity of high-selenium sprout containing Se-methylselenocysteine can also be expected. If the results obtained by Clark et al.
3) are unequivocal, daily supplementation with selenium at a level of 200 g should be effective for cancer prevention. This value can be obtained by an intake of 10 g of high-selenium sprouts containing selenium at a level of 20 g/g. However, in order to prevent several adverse effects caused by an excess intake of selenium, the tolerable upper intake level of selenium for Japanese adults has been set at 250 g/day.
17) Accordingly, care is required in the use of high-selenium sprouts as a cancer prevention foodstuffs.
